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Introduction
Handling of sludge residues generated by biological and chemical wastewater treatment is becoming ever more challenging due to rapid urbanization and increasing efficiency requirements for municipal and industrial wastewater treatment plants. Sludge residues are widely complex materials due to a variety of structural components such as extracellular polymeric structures, filamentous bacteria, cationic salts and the potential presence of pollutant precursors, e.g., proteins and fats, pathogens, parasites, trace metals, polychlorinated biphenyls, dioxins and other slowly decomposable compounds (Vaxelaire and Cézac, 2004; Yoshikawa and Prawisudha, 2014b) . Currently the most common sludge handling methods include incineration, composting, use in agriculture or disposal in landfills (Mahmood and Elliott, 2006; Mowla et al., 2013) , although current trends in European regulation are increasingly hindering landfill deposition of organic substances. As sludge is an inherently wet material decreasing associated handling, storage and transportation costs generally requires active drying especially for smaller-scale treatment plants. However current means of mechanical dewatering suffer from difficulties in removing intracellular and chemically bound water from the polymeric matrix of sludge suspensions (Mowla et al., 2013; Stoica et al., 2009) .
Hydrothermal treatment performed with water acting as a solvent, a reactant and even a catalyst or catalyst precursor does not require prior drying of a sludge feedstock and allows simultaneous elimination of biologically active organisms or compounds (Peterson et al., 2008) . Hydrothermal treatment under subcritical conditions can be used for producing carbonaceous hydrochar with relatively high yields (Libra et al., 2011) and enables the conversion of non-traditional feedstock such as municipal and industrial sludge residues. The increasing ion product of water under hydrothermal conditions typically favours reactions which are catalysed by acids or bases and is generally understood to proceed via a network of hydrolysis, dehydration, decarboxylation, polymerization and aromatization of biomass components (Kruse et al., 2013; Sevilla and Fuertes, 2009) . As hydrothermal treatment is ideally operated under saturated steam pressure the latent heat requirement of evaporation can also be avoided although post-separation of solid and liquid phases is still required.
Irrespective of potential hydrochar applications such as direct solid fuel replacement, soil amelioration or metal/metalloid adsorption (Alatalo et al., 2013; Libra et al., 2011; Titirici and Antonietti, 2010) , elimination of hydroxyl and carboxyl groups followed by subsequent aromatization can enhance the drying properties of sludge due to increased hydrophobicity and sludge cell breakage (Wang et al., 2014; Yoshikawa and Prawisudha, 2014a; Zhao et al., 2014b) .
The drying properties of a material are conveniently characterized through the drying curve where drying rate is described as a function of drying time under specific drying conditions. The attained drying curve allows the identification of controlling mechanisms such as moisture evaporation from An accepted version of Mäkelä et al., Water Res 91 (2016 ) 11-18, available at: http://dx.doi.org/10.1016 /j.watres.2015 saturated or unsaturated surfaces or diffusion within a material (Mujumdar, 2007) . In addition, effective moisture diffusivity can be used for compiling empiric drying data to a single parameter describing moisture transfer independent of the actual mechanisms involved (Gómez-de la Cruz et al., 2015) . Although diffusivity coefficients are often determined through a simplification of Fick's second law of diffusion, reliable estimations for non-rigid materials can only be attained if material shrinkage is taken into account (Bennamoun et al., 2013) . Non-extrusive imaging techniques such as X-ray microtomography have been shown to provide detailed quantitative information on material shrinkage and thus enable a better understanding of the relationships between drying properties and the evolution of size and shape (Léonard et al., 2004; Léonard et al., 2008) .
For reliably determining the effect of hydrothermal treatment on the drying properties of sludge, we illustrate the use of X-ray microtomography for monitoring sample shrinkage during drying of sludge and hydrochar samples. Respective effective moisture diffusivities affected by shrinkage were then determined by applying recent developments on the interpretation of experimental drying data.
Finally, the effect and statistical significance of treatment conditions such temperature, retention time and additive quality on the mean moisture diffusivity of hydrochar were determined using multiple linear regression. The attained results help in understanding the effect of process conditions on the drying properties of hydrothermally treated sludge and controlling these properties based on treatment conditions.
Material and methods

Sampling and sample preparation
Sludge samples were attained from a Swedish pulp and paper mill using virgin sulphate and recycled fibre pulp for the production of unbleached kraft/euroliner for corrugated cardboard. Mill effluents were treated by primary gravitational settling followed by biological activated sludge treatment.
Approximately 300 kg of mixed sludge (containing 60% of primary sludge and 40% of biosludge) was sampled after primary sludge and surplus biosludge from secondary sedimentation had been mixed and dewatered to approximately 27% dry solids (2.7 kg H 2 O kg -1 db, dry basis) using a belt filter and a centrifuge at the mill. The 300 kg sample was coned and quartered (Gerlach et al., 2002) to a representative 10 kg subsample which was stored in +4 °C during the experiments.
Hydrothermal treatment
Hydrothermal experiments were performed with a 1 L non-stirred stainless steel reactor (Amar Equipments PVT Ltd., Mumbai, India) illustrated Fig. 1a . A constant 300 g mass of sampled sludge was thoroughly mixed with 75 mL of additive and loaded into the reactor. The reactor was heated to An accepted version of Mäkelä et al., Water Res 91 (2016) The experiments were conducted according to an experimental design including reaction temperature (180-260 °C) and log10 transformed retention time (0.5-5 h) as continuous controlled variables. In addition, additive type was included as a discrete variable to influence reaction conditions by mixing 75 mL NaOH (0.01 N, pH 12.1) or HCl (0.01 N, pH 2.5) with the feed material prior to loading into the reactor. Deionized H 2 O was used as a control (conductivity <6 mS cm -1 ) and both NaOH and HCl used for making the solutions were reagent grade. NaOH was chosen as it is commonly used in the chemical recovery cycles of pulp mills and the inclusion of HCl enabled evaluating the effect of a wider pH range. Additive concentrations were chosen based on Lu et al. (2014) and the final solid load adjusted to remain in the range applicable to dewatered sludge within the pulp and paper industry. As the design included a discrete variable it was constructed to allow the use of dummy variables in linear regression and response surface methodology (Myers et al., 2009 ). The final design (see Table 1 ) was composed of 15 individual experiments.
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Drying experiments and X-ray microtomography
Prior to drying the individual sludge and hydrochar samples were shaped to ensure comparability of initial stress states. The samples were compressed for 1 minute under 50 N in a cylindrical compression cell (∅ 20 mm) consisting of a movable piston and a closed grid that allowed water to be removed. The obtained cylindrical samples were then cut to lengths equivalent to 4.10 ± 0.041 g in sample mass. The corresponding sample volumes were hence dependent on the specific properties of sludge or hydrochar.
Drying experiments were performed with a laboratory micro-dryer by following sample mass loss under constant and reproducible drying conditions, Fig. 1b (Léonard et al., 2002) . The prepared samples were inserted to a drying chamber (cross-section 41 × 46 mm) on a grid suspended under a precision scale to allow convective drying on the entire external surface. External surface areas and sample volumes were calculated based on image analysis by X-ray microtomography. Each sample was scanned before and after drying ( Fig. 2) with a 1074 portable Xray micro-CT scanner (Skyscan, Kontich, Belgium) for 3 minutes resulting in 105 projections. Each sample was tilted around 180° recording one projection every 1.7° for minimization of acquisition time. Sample masses were also measured before and after tomography for linking external surface areas and sample volumes to respective moisture contents (Fraikin, 2012) . Sample shrinkage was assumed linear in respect to sample moisture contents (Léonard et al., 2004; Li et al., 2014) . 
Calculations
The drying fluxes of sludge and hydrochar samples were calculated by correcting the recorded drying data with the external surface area of each sample from X-ray imaging. In addition, respective sample volumes were calculated. Raw drying data was also interpreted based on Fick's second law of diffusion on the hypothesis that moisture transfer was proportional to the concentration gradient of desorption (Bennamoun et al., 2013) :
where describes dimensionless moisture ratio, X(t) moisture content (kg H 2 O kg -1 db) at time t, X e equilibrium moisture content approaching zero on longer drying times, X 0 the initial moisture content, n a positive integer and L sample height (m), i.e. sheet thickness. For considerable drying times Eq.
(2) can be simplified by considering only the first term of the series, which becomes (Crank, 1975) :
Effective moisture diffusivity can then be determined through:
where k is attained by derivating a polynomial function fitted to the experimental ln
The effects of controlled design variables, i.e. reaction temperature, retention time and additive quality, on the effective diffusivities of hydrochar were modelled through a multiple linear regression equation:
where y represents a vector of determined mean diffusivities, X a coded and range-scaled design matrix including individual experiments as rows and experimental conditions as the respective columns, b a vector of model coefficients and e a residual vector. Model coefficients were determined by minimizing the sum of squares of model residuals through the least-squares fit:
Individual model coefficients were refined by F-testing the variance explained by a coefficient against the variance of model residuals calculated as the difference between determined and predicted diffusivities:
where is a vector of predicted mean diffusivities:
The effect of additive quality included as a discrete variable was determined through the use of two dummy variables c 1 and c 2 in the design matrix X where:
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The variation of determined diffusivities explained by the model was calculated through the R 2 value:
where SS res denotes the sum of squares of model residuals and SS tot the total sum of squares of y around the mean.
Results
A drying time of approximately 80 minutes was required to reach 95% dry solids in the untreated sludge sample and respectively decreased to a range 37-59 minutes for hydrothermally treated hydrochar. Time required for drying was accompanied by considerable sample shrinkage especially in the case of untreated sludge and was inversely correlated with hydrothermal treatment temperature (p < 0.01) and retention time (p < 0.01). The external surface area and volume of sludge and hydrochar samples assuming linear isotropic shrinkage were attained through X-ray tomography and used for calculating the drying flux as a function of sample moisture content. The results are provided in Fig.   3a and b.
The uncorrected drying data were further interpreted based on Fick's second law of diffusion in a onedimensional plane sheet. Moisture ratio was first determined as a function of drying time (Fig. 3c ) and the respective natural logarithm fitted with a second order polynomial (Fig. 3d) . The attained polynomial coefficients represented a theoretical fit to the experimental data and were used together with respective sample heights ( Fig. 3e) for determining the effective moisture diffusivity of sludge and hydrochar samples (Fig. 3f) . As illustrated in Fig. 3f , the determined moisture diffusivities were inversely related to respective moisture contents during drying and thus increased towards the end of the drying experiments. The mean values of determined diffusivities of hydrochar were in the range 12.7-27.5 • 10 -9 m 2 s -1 (Table 1) Coded and range-scaled regression model coefficients for predicting the mean moisture diffusivity of hydrochar were determined and are illustrated in Fig. S1 (Supplementary Information). Both hydrothermal treatment temperature (p < 0.01) and transformed retention time (p < 0.05) were statistically significant in predicting the mean moisture diffusivity of hydrochar according to the model. No statistically significant relationship was found between mean moisture diffusivity and the dummy variables used for describing additive quality (p > 0.05). The F-test performed against model residuals indicated that the attained model was statistically significant on a p < 0.01 significance level (Table S1 ). In addition, the calculated R 2 value suggested that the acquired model explained a satisfactory 76% of variation in the determined mean diffusivities of hydrochar samples.
Discussion
As illustrated in Fig. 3a , hydrothermal treatment led to considerable differences in the drying behavior of sludge and hydrochar samples. The drying of untreated sludge began by a short, sharp heating period where the drying flux increased rapidly due to increase in sample temperature. The constant drying rate period generally controlled by vapor transfer at the air-solid interface and the rate of moisture removal could only be seen as a slight increase in drying flux at approximately 2.5 kg H 2 O kg -1 db due to simultaneous sample shrinkage (Fig. 3b) . On the contrary, drying was mainly governed by the falling rate period during which the drying flux decreased continuously with a decrease in sludge moisture content. This period likely began as surface moisture was sufficiently reduced and moisture was transported to the surface of the solid by capillary forces (Bennamoun et al., 2013; Mujumdar, 2007) . Moisture diffusion caused by concentration gradients within the sample matrix and heat conduction are generally regarded as the controlling mechanisms (Léonard et al., 2002) .
In the case of hydrochar the initial moisture contents were lower due to hydrothermal treatment and subsequent solid-liquid separation by filtering. Hydrothermal treatment increased the drying flux of hydrochar and respectively decreased the length of the falling rate period (Fig. 3a) most likely due to sludge cell breakage (Dawei et al., 2012 ). In addition, two different phases could be observed during the falling rate period, the phases being especially distinguishable at approximately 0.5 kg H 2 O kg -1 db for samples treated at 260 °C. As discussed by Léonard et al. (2002) , the first phase of the falling rate period is normally governed by decreasing drying air humidity at the air-solid interface due to heat and mass transfer limitations and simultaneous sample shrinkage. During the second phase sample shrinkage decreases or ceases entirely as the decreasing drying flux is almost entirely caused by internal heat and mass transfer limitations (Léonard et al., 2002) . Our observations on sample shrinkage in Fig. 3b do not entirely support this description as they assume linear isotropic shrinkage measured before and after the drying experiments. However, it is more likely that a higher degree of An accepted version of Mäkelä et al., Water Res 91 (2016) 11-18, available at: http://dx.doi.org/10.1016/j.watres.2015.12.043.
shrinkage occurred in the beginning of the drying process during the constant rate period and the first phase of the falling rate period (Fig. 3a) especially with hydrochar samples where different falling rate periods could be distinguished. As illustrated in Fig. 3b hydrothermal treatment decreased sample shrinkage and the effect of heat and mass transfer limitations based on an increased drying flux.
Moisture diffusivity coefficients are often determined based on a simplification of Fick's second law of diffusion assuming isotropic diffusion (Pacheco-Aguirre et al., 2014). As illustrated in Fig. 3f , the determined effective moisture diffusivities of sludge and hydrochar increased as a function of decreasing moisture content. As described by Fyhr and Kemp (1998) , moisture diffusivity in solids is nearly constant at higher moisture contents but generally reaches a peak when no free moisture is left in the solid and the only remaining mechanisms for moisture transport are diffusion and convective vapour flow. However, the peak is generally followed by a notable decrease in diffusivity as the moisture content of the solid approaches zero. In our data the determined diffusivities turned towards zero at low moisture contents, but could not be observed in Fig. 3f as the drying data was preprocessed by excluding data points beyond 95% dry solids. This affected the coefficients attained by fitting a polynomial function to the experimental data, but ensured comparability of mean moisture diffusivities between different samples. Recently Gómez-de la Cruz et al. (2015) reported a modification for the determination of effective diffusivities by using a second order polynomial for describing moisture ratio as a function of time. The authors also showed increasing effective diffusivities as a function of decreasing moisture contents and increasing drying temperature for rigid olive stone. In our case the modification yielded R 2 values in the range 0.996-0.999 for sludge and hydrochar samples and was hence adopted (Fig. 3d ). This method also allowed taking sample shrinkage into account by including a time dependent function for sample height. As illustrated in Fig. 3b and e considerable sample shrinkage occurred especially with untreated sludge and hydrochar from lower treatment temperatures. Shrinkage however decreased considerably with an increase in hydrothermal treatment temperature, which also increased effective diffusivity of hydrochar at lower moisture contents (Fig. 3f) . Previously Zhao et al. (2014a) The attained regression model indicated that hydrothermal treatment temperature was 1.6 times as important as transformed retention time in controlling the mean moisture diffusivity of hydrochar (Fig. S1 ). As the experimental variables were coded and range-scaled their effects could be compared within the original design range. In addition, the dummy variables used for describing the effect of acid and base additions suggested that the use of NaOH or HCl did not significantly affect the mean moisture diffusivity of hydrochar (p > 0.05). Previously the effect of process conditions have mainly been investigated in terms of solid fuel properties and yields of attained hydrochar. Although it is currently well known that temperature mainly governs biomass decomposition in hydrothermal media, retention time has also been found significant for the fuel properties of hydrochar produced from algae and municipal and industrial sludge (Danso-Boateng et al., 2015; Heilmann et al., 2011; Mäkelä et al., 2015; Xu et al., 2013) . In addition, Lynam et al. (2011) found that organic acid additions enhanced cellulose dissolution and respectively decreased hydrochar yield during hydrothermal treatment of lignocellulosic biomass. Furthermore, Lu et al. (2014) reported statistically different solid yields of hydrothermally treated cellulose in NaOH and HCl due to changes in reaction kinetics. In this work the mean diffusivities of hydrochar were higher with the use of H 2 O than with NaOH or HCl, but the overall differences were not statistically significant (Fig. S1 ). Liquid pH values measured after the hydrothermal experiments were in the range 4.9-5.5 and correlated only with treatment temperature (p < 0.01) and retention time (p < 0.05). This suggests that the strength of used additives were not sufficient to significantly change reaction conditions and were neutralized likely due to the formation of organic acids during biomass decomposition under hydrothermal conditions Weiner et al., 2014) . Equivalent hydroxide and hydronium ion concentrations from NaOH and HCl have previously been used for simulating different pH environments in municipal and industrial waste streams (Lu et al., 2014) . In addition, equivalent hydroxide concentrations from KOH have been reported to lead to decreased surface area and pore volume of hydrothermally treated wheat straw (Reza et al., 2015) which could have practical implications for the drying behavior of hydrochar. Besides evaluating the effect of process conditions the attained model coefficients enable prediction of novel observations, which is very useful for illustrating the behavior of mean diffusivity of hydrochar within the design range. Respective contours were hence calculated based on hydrothermal treatment temperature and retention time in NaOH, H 2 O and HCl and are shown in Fig. 4 . The linear increase in mean diffusivity as a function reaction temperature and retention time could easily be observed and was more pronounced with NaOH or H 2 O compared to HCl. As an example, hydrothermal treatment at 220 °C with a retention time of 1.5 h in H 2 O would be expected to increase the mean effective diffusivity of sludge to 18.2 ± 5.80 • 10 -9 m 2 s -1 with 95%
certainty. According to our better knowledge this is the first time the effect and statistical significance of hydrothermal treatment conditions on the mean moisture diffusivity and drying behavior of sludge have been reported. Once these effects are known, the mean diffusivity of sludge can be predicted within the design thus allowing control of respective drying properties based on hydrothermal treatment conditions. This information is vital for optimizing hydrothermal treatment and subsequent drying processes for this feedstock. 
Conclusions
Hydrothermal treatment enhanced the drying properties and increased the effective moisture diffusivity of sludge. Drying of untreated sludge was governed by the falling rate period where drying flux decreased continuously as a function of sludge moisture content due to heat and mass transfer limitations and sample shrinkage. Hydrothermal treatment increased the drying flux of sludge An accepted version of Mäkelä et al., Water Res 91 (2016 ) 11-18, available at: http://dx.doi.org/10.1016 /j.watres.2015 hydrochar and decreased the effect of internal heat and mass transfer limitations and sample shrinkage especially at higher treatment temperatures. The determined effective moisture diffusivities increased as a function of decreasing moisture content and a statistically significant difference was found between the mean diffusivity of untreated sludge and sludge hydrochar. The attained regression model indicated that treatment temperature controlled the mean moisture diffusivity of hydrochar as the effects of NaOH and HCl were found statistically insignificant. The presented results enabled prediction of sludge drying properties through mean moisture diffusivity based on hydrothermal treatment conditions.
